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1. INTRODUCTION

This report analyzes the research performed under contract ff19628-

75-C-0067 between the University of Hawaii and the Air Force Geophysics

Laboratories. The contract covered two phases: phase one extended from

September ‘I - , 1974 through June 30, 1975 and was devoted to a~ observational

study aimed at detecting the waves that are currently postulated to heat the

E corona. Phase two extended from July ‘I , 1975 through September 30, 1976.

In this phase, the aim of the study shifted to a search for wave dissipation
‘4

in quiescent promi nences .

2. OBJECTIVES
.1

The first phase of this study was devoted to a search fo! the waves that

are postulated to heat the solar corona. Since Biermann ’s sug ~stion (1948)

that the chromosphere is heated by acoustic waves that are generated in the

deep convection zone, the general consensus among scientists has been that

the corona also Is heated by some form of mechanical waves. In this way the

high temperature of the corona was presumably maintained against radiative

and conductive losses, it soon became apparent that ordinary acoustic waves

would form shocks and dissipate low in the chromosphere and never reach the

corona . Either very low-period acoustic waves or some other form of wave

(1 .e., magneto-acoustic or Al fv~n waves) was needea to propagate through the

sharp density transition that separates the chromosphere from the corona.

However, this broad conception was not supported by observational facts. No j
fi rm observational evidence for any waves In the corona has been offered, despite
numerous attempts to detect wave motion with ground and satellite-based experiments.

1’
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The study supported by this contract aimed at a new search for coronal

waves , based on sensitive measurements of the intensity fluctuations of the

forbidden coronal line Fe XIV x5303 and of the neighborin g electron-scattered

continuum. The observations were carried out at the MeesSolar Laboratory at

Mount Haleakala on Maui , Hawaii which is the solar station of the Univers ity

of Hawaii. This site enjoys excellent climati c and sky conditions for coronal

photometery. The basic instrument used for this phase of the study was the

photo-electric Stokes polarimeter , a dual channel instrument that simultaneously

measures all four Stokes parameters in a wavelength-band that is defined by

narrow-band filters . (The experimental set—up has been described fully by

D. Mickey in Ap. J .  Letters, 181, L19, 1973.) As we describe below , our in-

vestigation established new lower limi ts for intensity fluctuations in either

the coronal line or nei ghboring continuum that can be ascri bed to waves . As

a result , i-n the second phase of our investigation , we turned to the study of

the temperature and micro-turbulent fluctuations in quiescent prominences in

order to search for evidence of wave heati ng .

Quiescent prominences are cool , dense sheets of gas that extend into the

hot corona. They radiate efficiently in the hydrogen spectrum because of their

low temperatures and high densities. Since their radiati ve cooling times are

much shorter than their observed lifetime , a source of energy is requi red to

maintain them in a steady state. Three such sources have been postulated :

absorption of radiati on from the chromosphere and corona , conducti on of heat

from the hot corona and MHD wave dissipation.

Quiescent prorninences are thought to be supported against the force of

gravi ty by magneti c field lines that are rooted in the photosphere. If MHD

waves heat the corona c&ay from the prominence, we might also expect to see
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thei r effect w-i 1~lii ’, the promi nence itself . We therefore resolved to search

for such wave dissipation effects as one method for testing the idea tha t

such waves actually exist and heat the normal ‘corona.
I

3. RESEARC h PROGRAM : PROCEDURES AND RESULTS

As s ummarized above , our first objective was to sea rch for intensity

fluctuations in the coronal green line tha t could be attributed to waves

or wave dissipation . The mc- ~urements were carri ed out in collaboration

with 0. Mickey at Mount Haleakala using the Stokes polarimeter. The polar.

m eter empl oys a narrow band filter in each of the two channels to isolate

the coronal green line and the neighboring continuum at a fixed position in

the corona. The instrument can be rastered under computer control to map

out the four Stokes paramete rs within these two bands over a specified region

of the corona .

For the observati ons we report here , we used a 30 ~ aperture for the polar-

imeter and integration times rangi ng .6 to 16 seconds. A one-hour time series

of intensity measurements at a fi xed position in the two wavelength bands was

acquired in November , 1974. We selected a quiet region of the corona at the

height of 3 arc minutes above the limb , whose mean i ntegrated bri ghtness in

~5303 was 5 x l0~ in units of the brightness at the di sk center. The flux

in the coronal green line was found to be nearly constant with a dispersion

about the mean of only l7~ of the line flux , or 5 x 10-8 10. A power spectrum

analysis of the tim~ .eries was made to search for periodic fluctuations in

bri gh tness . We found no sig n if i cant fluctuations in the period s in the range

30 ~o 1000 ccc. F luctua tions could be at t i ~ibuted to noise , p roduced by seeing,

(2nd f lu o tuat ionc in 0k1/ backgro und . The experiment was repeated at severa l

-3-
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locati ons in the corona wi th varying geometry and brightness . Our ‘nal

result indicates that even in bri ght coronal regions where presumably energy

input is largest, an upper limit of 0.2% can be set on the strength of green

line brightness variati ons. This limi t is approximatel y 20 times smaller

that that published by H. U. Schmidt et al. (B.A.A.S., 4, 390, 1972) for

fluctuations in the white li ght continuum . The results of the fi rst inves-

tigation were reported at the January 1974 meeting of the Solar Physics Division

of the American Astronomi cal Society in Boul der, Colorado (B.A.A.S. 7, 363, 1975).

Since the green line flux showed no evidence for wave fl uctuations above

those attributable to seeing, we prepared to search for corresponding fluc-

tuations in the white light continuum. This continuum is formed in the corona

by the scattering of photospheric li ght from free electrons and its intensity

is proportional to the col umn density of free electrons along the line of sight. j
On June 5, 1975 we finally succeeded in obtaining measurements wi th sufficient

quality . The sky brightness then remai ned below 12 x 1O~ of the centra l disk

intensity throughout several hours . Circular scans around the limb were made

at two degree intervals at a height of two arc minutes above the limb to re-

cord the intensi ty and polari zation of the sky before and after each time series.

The brightest oint on the limb was chosen for time-seri es observations . It

had a mean i ntensity in the continuum of 3 x iO~ 10. Intensity fluctuations

at this point were recorded for a period of 6000 sec. An entrance aperture of

16 ~ in diameter and integration time of 16 sec were used . A second run of

6000 sec was made soon after. The auto-correlati on function of each time

series was computed. The curve declines monotonically from uni ty at zero lag

and shows no peaks within the maxim um lag of one hour. We attri bute the mono-

tonic decrease to slow steady dri ft in tracking the sun duri ng the good seeing
I
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run . Exami nation of the intensity records showed an rms fl uctuat ion of

about 2 x 10- 8 This leve l could be attributed solely to seeing noise.

We are thus able to set 7” upper limi t of 2 x 10 8 10 on continuum fluctuation s

in the corona that could be associated wi th wave diss ipation . This value is

approxi mate ly 7 times smal le r  than tha t reported by Schmidt et a l .

Having set new lower limi ts on line and continuum fluctuations that

might be associated with wave motions in the corona, we decided to shift the

emphasis of our program to a study of quiescent prominences . Here the pri n-

cipal aim was to determi ne whether any evidence exists in the interna l motions

of the promi nences for wave propagation or wave dissipation . Our study was

based on promi nence observations made at Sacramento Peak Observatory by ob-

servers Gi l li am and Coleman , who used the uni versal spectrograph at the coud~
of, the 16” coronagraph at the Big Dome.

Zirker and graduate student Wendy Hagen,selected for study a set of

spectra of a small limb prominence , obtained on August 29, 1975. The spectra

cover the range of 3600 to 4400 A at 10 graded heights above the limb . The

spectrum contained the following important lines : hydrogen H y through I-I 12 ,

He )~3838, Mg )~3838, Ti A3759 and 3761 . The spectra were calibrated photo-

metrically and traced at several hei ghts and several position angles . We

assumed that all the spectra l lines we observed were formed in the same volume

and that the promi nence was opti cally thin. The latter assumption is confi rmed

by the equal widths of all Balmer lines . For these assumptions , the half-width

of line “i” is related to the temperature T and the micro-turbulent velocity

~~, by

v 2
=(~~i ) T ~~2 =~~

I ~~~~
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The attached figure shows a typi cal plot of (Ax
1 /A 1

)2 versus m1~~ for l ines

at one position in the prominence . The slope and intercept of the regression

curve gi ves the temperature (T = 5600 + 400 K) and mi cro-turbulence (
~ =

12.7 + 2.1 km s ’) respecti vely. These values are typical for this prominence .

Using this method for analysis, we i nvesti gated the followi ng effects:

a) Gradient of temperature wi th heigh t or posi ti on within the promi nence.

h-f i rayama (Solar Phy s . ., 17, 50, 1971 ) reported a gradient of temperature to-

ward the top edges of several promi nences measured and analyzed in this fashion .

Although the val ues of temperature and micro-turbulence that we deri ved gene-

rally support Hirayama results , we were unable to confi rm his finding of a

gradient in temperature . Moreover, the small values of micro-turbulence are

subsonic and do not lend support for  the hypothesis tha t the promi nence is

heated by wave dissipation. This conclusion is further supported by our finding

tha t no significan t corre lation exists between the tenrp eri~ztur e and rn icro-tur-.

bule nce at various posit ions within this promi nence.

b) Search for persistent velocity fields in the promi nence. The wavelength

displacements of eleven promi nence lines were measured relati ve to the Fraun-

hofer scattered-light spectrum of the sky at several heights and posi tion angles 
—

- ‘  
in the promi nence. Typical velocities range from 0.0 + 1.3 km sec ’ to 3.8 + 1.0

km sec~ ’. No significant variation of veloci ty wi th posit ion in the prominence

was detected. The shift of the He ~3889 was the same on the average as the

shift of the lines of other elements , wi thin the rather large scattered values .

This result tends to support Hi rayama ’s contenti on that hydrogen and hel i um

emission arises in the same volume .

c) Electron density from the He A3888/H x3889 ratio. The intensity ratio

of neighboring hydrogen and helium lines at x3888 was measured as functions

-6-
t.
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-~~ of height and pos ition angle throughout the promi nence . The log of the ratio

varies from .07 to .49, wi th a mean of .22 + .014. As shown by Hirayama , this

ratio is sensiti ve to electron densit y . Previous analysis of the electron

temperature from line widths gave temperatures in the range of 6000 to 8000 K.

Thus for moat reasona ble temperatures of 7000 ° the electron density inrp lied

by the rat ios we obsei i ’ed is log Ne 9 .7  + . 15.

The larges t vaZues of ’ the ratio occur hi gh in the prominence , and require

temperature s in excess of 10 ,0000 . These results, in contradicti on to the

temp era ture dete~~i ati -~ .is f ro m line widths , suggest a hei ght varia tion of

tempe r atu~~ in the pro minence .

The painstaking analysis of this individual promi nence turned up no

evidence for wave dissipation . Neither substantial Doppler shifts nor large

val ues of micro-turbule nce were found. If we were to identify the micro-tur-

bulent velocities wi th an rms wave-ampl i tude veloci ty, it is easy to show (see

Appendix) ,  that the wave energy f l um carried at the local sound speed would

be insufficient to balance the radiative losses in the hydroge n l1yrnan con-

tinuwn of more than 10% of this prominence ‘s volume.

We recognized that all these conclusions were based upon a detailed study

of only one promi nence however. We decided to analyze several more and to carry

out new observations at Haleakala of the line profiles of several strong pro-

mi nence lines to search further for evidences of wave dissipation . Two graduate

students were employed during the spring and s ummer of 1976.

Mr. Robert Rotsalainen measured the line profiles of a number of hydrogen

metallic and helium lines on the Sac Peak spectra of a prominence (March 7, 1976).

The profiles were fi tted with Gaussian profi l~~ and their half-widths were

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘~~~~~~~~~~~~~~ ‘ - ~~~~~ ‘- - -~~- - ~~~~~~~~~~ -‘ - - - ~~‘.
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measured as a func tion  of atomic weight. The analysis proceeded as pre-

viously. Temperatures within this promi nence vary from 3300° to 13,000°.

Micro-turbulent velocities fel l in the range of 12 to 20 km sec 1 . The

uncertainty in both these parameters ranges from 10-30%. While there is

substantial scatter at a given location in atomic mass range , the results

derived for this promi nence suggested: 1) A systemati c rise in temperature

from the center of the prominence to the edges , but wi th no co-variation of

micro-turbulent vel ocity . This result does not support wave heating as a

signfi cant effect. 2) Mi cro-turbulent velocities comparabl e wi th the local

speeds of sound speed .  This  resul t  could support wave heating as a signi-

ficant effect.

Mr. David Laney worked under the supervision of Dr. Donal d Landman at

Haleakala during July and August of 1976 in order to obtain high-resolution
- 

- 

spectra of promi nences. Observations were obtained of approximately 20 pro-

minences using the optical multi-channel analyzer , which consists of a silicon —

vidicon camera tube at the single pass focus of the coud~ spectrograph. The

l ines  H~, D3 and Ca+ A8542 were observed at severa l pos itions in each promi nence .

The primary purpose was to study in detail the line-W idth variations through-

-‘ out the promi nence wi th particular emphasis on the variations of temperature

and micro-turbulence and on possible spatial or tempora l systematic effects.

The prelimi nary data reduction showed the following effects : 1) Average

values for temperature and micro-turbulence velocity range from about 8000° to

11 ,000° and from about 3 to about 8 km sec ’. 2) No correlation between tern-

perature and micro-turbulence was found. 3) Several extended time sequences

of He A5876 profile were recorded at a given promi nence position . The data

revealed the presence of periodic f luc tuations in integra ted intensi ty, centra l

-8-
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some types of transients are also occa sionally present.

The central intensity wavelength oscil lations are of the order of .1 1\.

They are similar to those observed in ‘winking ” filaments , ~iith s~mf l a r  periods .

The vis ibility of a filament can sometimes vary periodically when observed at

the center of IIc~, follow ing an external perturbation. This ‘winking ” has been

inte rpre ted by Kleczck and Kuperus in 1969 as the relaxation of a promi nence ,

suspended on magnetic field lines , follow ing a disturbance . They predicted

periods of oscillations in satisfactory agreenent with observations , with

-. reasonable assum pt i ons of dens ity and ma gnetic f i eld , although their theory

does not predict line width or intensity oscillations . A note , reporting these

results , has been su bm i t ted to Solar Physics.

4. SUMMARY

Th i s inves ti gation has yielded the following concl usions :

a) Corona l heating by wave dissipation . We have established new l ower lim i ts

for i n tens ity fluc tua ti ons in the coronal em i ssion l i nes and w hit e l ig h t

con tinuum that are respectivel y 20 and 7 times lower than those published

previously. These fluctua tions can be attributed solely to seeing and sky

background fl uctuations . T1~~re is thus no observationa l evidence in these

ckzta f o r  the re~’.en- ’a f  a p ropa g ating or diss ipating wave f i e ld ~i th pe ri ods

-zn the ranq.’i .~0 to 1000 :~ r~~
- .

b) Wave motions in quiescent prominences . We searched for Doppler shifts

and l ine broadening that mi ght be attributed to a propagating wave field within

quiescent promi nences . If we identify observed micro-turbulent velocitie s

-9-
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with the rms amplitude of propagating waves , we fi nd in two typical quiescent
— prominences that the implied wave energy flux would be insufficien t even to

match the radiative losses in the Lyman continuum of hydrogen , for more than

a fraction of the promi nence volume . We also found no correlation between

temperature and micro-turbulent vel ocities , as mi ght be expected if the local

heating of a prominence were due to wave dissipation . Thus wave dissipation

does not seem to be an important p hys ica l mechanism in heating pror ninences.

Coherent oscillations of a promi nence with peri ods of the order of 20

to 25 mi nutes have been discovered from observations of the profile changes

of the He A5876 line . These wave moti ons do not relate to the heating of the

p rominence , but rather to free oscillations of a gas sheet suspended in a

magneti c field. It is possible that further study of such coherent oscillations

woul d give new information on magnetic fields and density gradi ents wi thin

promi nences . ~1either of these quanti ties is wel l known at this time , and the

investigation is worth pursuing. It may be the subject of a proposal to AFGL

by Dr. D. Landman of the University of Hawaii.

f
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- Article Su~~ ortix 1 Parti 1rilly or Wholly by
- ContracL F’—19628— Th--C—0 067

-

- Q 11) I ’hot o~ I ‘t t r i c )hs  v - - i i : ;  t hc t~ r eet i  ( .  ‘r ena l
l i n e . R . M. F l i i i  ni~~ , It . -‘ - - i l n i l i - i n  and  I) . L. Mi . k ev
1’ . U ~~. — Ret e t i t  I i i  ~p 

--

~ ~~~ 0 ~~‘ i i  p l i o t  ~ e l e c t  l i r  m e a s ur em e i l t s
i t t  gr. i -n-— 1 inc St  k _ s  - i t  trn~~( e r s  u i - c  been ci i r c c t e ( 1  I oward
(1  ‘) de t  et t i on ‘ i i )  t o  i i  v I i ~t ’ I i t t  i I l l s  in  t he corolla

- and (2)  e s t : i ) i l  i—t l im t iit i’I t r - ~ il l. - t e n t idenuc lev e l  b r
- g r e e n — l i n e  p i t 1  I r i 7 : i t  i n  i i i o’ i r  m a t _ s .  Oh sor va t  ions  a t

- V I I  b U S  10( 1 i ‘i i ~~ i i i  t_ h i - ‘  r iti t ( . Oh ‘R / R  1 . 4)  i t t i d e  r
t -x ~~~I l en t  o h s c r v i i i ~’ i i i  i t  inn s  have shown ~o i n t e n s i t y
o s c  i I l at  iOns w i t  ii per Uds bet  wc~~n 10 and  b o o  sec h y i n g
bn ;l gn i  t odes g re t c i  t h a n  5 x I I )  1 .  T h i s  r e p r e s e n t s,

-
- i n  b r i g h t  r e g i o n s , an t l p p . F . r i 1  o l  0. 2) 1 on the  s t r e n g t h

of gr e e n — i  m i  b r i g ht ncss  v a r i a t  iois-~.

- 

- 

M e a s u r e m e n t s  S t ok e s  p a r a n i f t i r s  Q and Ii f o r  t h e
green 1 inc shcw s im i l a r  u r t t - e~r t a  I n t  i & s  , I . e - 0. 1 nii 1 1 i o n t h
i i i  a ten—se t - t u t u  — hs u rva  t i o n , m or e  or I v t;s  i n d e p e n den t  of
g r e e n —  l i n e  b r i g h t  h i S s  . The p r . ~~~t t c h s er v at  ions , mor e—
over , s1m ~ w n g r i t u l —  I m e  p o l ar i  z a t  ion  whose magni  t u d e  is
si g n i f i c a n t l y  ab ove  the  no ise  l e v e l .  B .A . A . S  7 , 363 , 197 5.
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APPE UDIX A

If we equate the wave energy flux , incident on the base of a column

of length L, to the energy radiated in the Lyman continuum wi thin the co-

lumn , we have

-
~ 

Fwave = 1/2 (fleflhp) 
V2v5 =

Here the emissivity (E) in the Lyman continuum is

E = 3.7 x l 0 2 ~ erg sec ’ cm~~.

If we adopt the followi ng values:

wave amplitude V = 3 x 106 cm

- 1’ electron density 
~e 

= ~ x 1010 cnr 3

sound vel ocity v~ = 1 x 106 cm

we f ind
V2v m

L S~~ = l . 9 x l08 cm.
2 f l eE

This length is ‘t~ 10 times smaller than the observed height of the prorii nence.

- 

Hence , if the observed micro-turbulence is a fai r measure of wave amplitudes ,

the power input in waves is insufficient to supply more than ‘~. 10% of the

radiation losses.
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APP~~DIX B

List of scientists and engineers who o~ntributec1 to this
research project:

-
- 

- 

Jack B. Zirker Head Scientist
7 Donald L. Mickey Scientist

- Marie I. M~~abe Scientist

Dc~ia1d A. Landman Scientist
-

- Clifton D. Laney Graduate Assistant-J

- - 
1~~ ert Ruotsaj .ajnen Graduate Assistant
Wendy A. Hagen Graduate Assistant
Wayne M. T. W Prograrrn~r/redmjcjan

Alexander T. K~qa1ski Technician
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